The product of the Drosophila gene tribbles inhibits cell division in the ventral furrow of the embryo and thereby allows the normal prosecution of gastrulation. Cell division is also absent in involuting dorsal mesoderm during gastrulation in Xenopus, and to ask whether the two species employ similar mechanisms to coordinate morphogenesis and the cell cycle, we isolated a putative Xenopus homologue of tribbles which we call Xtrb2. Extensive cDNA cloning identified long and short forms of Xtrb2, termed Xtrb2-L and Xtrb2-S, respectively. Xtrb2 is expressed maternally and in mesoderm and ectoderm at blastula and gastrula stages. Later, it is expressed in dorsal neural tube, eyes, and cephalic neural crest. Time-lapse imaging of GFP-tagged Xtrb2-L suggests that during cell division, it is associated with mitotic spindles. Knockdown of Xtrb2 by antisense morpholino oligonucleotides (MOs) disrupted synchronous cell divisions during blastula stages, apparently as a result of delayed progression through mitosis and cytokinesis. At later stages, tissues expressing the highest levels of Xtrb2 were most markedly affected by morpholino knockdown, with perturbation of neural crest and eye development. D
Introduction
The coordination of cell proliferation and morphogenesis is paramount during the development of multicellular organisms. For example, cells in the ventral furrow of Drosophila embryos mutant for the tribbles gene fail to arrest the cell cycle, one consequence of which is a severe disruption of gastrulation (Großhans and Wieschaus, 2000; Mata et al., 2000; Seher and Leptin, 2000) . It proved that the role of Tribbles is to promote String/Cdc25 proteolysis in cells of the ventral furrow and thereby to delay mitosis, and it functions in the same way to regulate germ line cystoblast division during Drosophila oogenesis (Mata et al., 2000) . Tribbles is also a negative regulator of the C/EBP transcription factor Slbo, which is required for border cell migration during Drosophila oogenesis. Tribbles protein physically interacts with Slbo and specifically promotes its degradation .
These studies indicate that Tribbles directs specific target proteins for degradation through a ubiquitin-dependent proteasome pathway in a context-dependent manner. However, as there are no obvious sequence similarities between the two identified Tribbles targets, Cdc25 and C/EBP, the way in which it regulates proteasome-dependent degradation remains unknown. The only clue as to the molecular basis of Tribbles function comes from the presence of a serine/threonine protein kinase domain, but kinase subdomains I and II diverge significantly from the conventional kinase consensus, and it is not clear whether Tribbles functions as a protein kinase (Großhans and Wieschaus, 2000; Mata et al., 2000; Seher and Leptin, 2000) .
During gastrulation in Xenopus, involuting dorsal mesodermal cells, like cells of the Drosophila ventral furrow, stop dividing (Saka and Smith, 2001) . This suggests that proliferation and morphogenesis are also coordinated in this vertebrate species, and it is possible that tribbles-like genes play a role in this coordination. Several tribbles-like Ser/Thr protein kinase-like genes have been identified in vertebrates (Mayumi-Matsuda et al., 1999; Wilkin et al., 1996) . The amino acid sequences of the gene products show high homology to Drosophila Tribbles in the kinase domain, Fig. 1 . Characterization of a Xenopus tribbles-like (Xtrb2) gene. (A) Portions of the sequences, centered on the start codon (underlined), of X. tropicalis (X.t.) and X. laevis (X.l.) Xtrb2 cDNAs, together with the antisense morpholino oligonucleotides used in this paper. Nucleotides that differ from the Xenopus laevis cDNA2 (Xtrb2-L) sequence are highlighted. (B) Amino acid sequence alignment of Drosophila Tribbles and Tribbles-like proteins in Ciona, Xenopus, and human in the kinase subdomains VIA-IX. Identical amino acid residues (in more than half of the sequences) are highlighted. The arrows indicate the serine/ threonine kinase subdomains. The short arrow indicates the position of the junction between exons 2 and 3 of human TRB2. The asterisk indicates the lysine residue that is mutated to an arginine in the Drosophila TrblK266R allele. (C) Schematic drawings of Tribbles family proteins. % identities in the kinase domains of Xtrb2-L and the other family members are indicated. Accession numbers are H.s. TRB2, D87119; H.s. TRB1, AF205437; H.s. TRB3, NM025195; C.i. Trbl, AK113810. The PESTfind scores of potential PEST sequences are above +5 except in the C-terminus of Drosophila Tribbles and Ciona Trbl (+2.02 and +2.92, respectively). (D) Phylogenetic tree of the Tribbles protein family. and almost all have potential PEST sequences, suggesting that the proteins have short half-lives (see Fig. 1C ). We have isolated long (Xtrb2-L) and short (Xtrb2-S) forms of a Xenopus Trb2 gene which is highly homologous to Drosophila tribbles and have gone on to investigate its role during early Xenopus embryogenesis. Xtrb2 is expressed maternally and in mesoderm and ectoderm during blastula and gastrula stages. At later stages, Xtrb2 is expressed in dorsolateral neural tube and in the head, including the otic vesicle, eye primordia, and cephalic neural crest. Time-lapse recordings show that GFP-tagged Xtrb2-L protein is enriched in the nucleus during interphase, and as cells enter mitosis, fluorescence is redistributed to the mitotic spindle.
To investigate the function of Xtrb2, we made use of antisense morpholino oligonucleotides (MOs). To our surprise, depletion of Xtrb2 caused cell divisions during blastula stages to become delayed and asynchronous. At later stages, such embryos were characterized by a shortened anteroposterior axis accompanied by irregular somite formation, abnormal expression patterns of neural crest cell markers, and reduced eye development. These data suggest that Xtrb2 is required for the proper progression of mitosis during early cleavage stages and later for the proper formation of the somites and the nervous system.
Materials and methods

Xenopus embryo manipulation
Fertilization, culture, and microinjection of Xenopus laevis embryos were as described (Tada et al., 1997) . Antisense morpholino oligonucleotides were obtained from Genetools Inc. Xenopus tropicalis embryos were obtained and manipulated as described in the X. tropicalis home page (http://faculty.virginia.edu/xtropicalis/).
Degenerate PCR and cDNA cloning
A Xenopus tribbles orthologue was obtained by degenerate PCR using a Xenopus laevis stage 10.5 cDNA library as template. The design of the degenerate primers was based on the homology between kinase subdomains V and IX of Drosophila Tribbles, dog C5FW, human TRB3/C8FW, rat NIPK, and human TRB2/GS3955. Sequences of the primers are Trb1 (upstream): 5V-TGGGGACATGCA(C/T)(T/ A)CCT(T/A)(T/C)GT(G/C)CG-3V; Trb6 (downstream): 5V-GGGTA(TC)CG(A/T/G/C)CC(C/A)ACCA(A/G)CAT-GGTG-3V. This primer pair produced an amplification product of the expected size (about 360 bp), and this was used to screen cDNA libraries of X. tropicalis (stages 10 -12, in pCS107; kind gift of A. Zorn) and X. laevis (stage 10.5, in pBS RN3). Two X. laevis cDNAs were isolated, and these encoded short and long forms of Xtrb2 (Xtrb2-S and Xtrb2-L). RNA injections in this study used plasmid constructs derived from these clones. A start codon was introduced at the 5V end of the Xtrb2-S cDNA. Additional expression constructs were prepared in which the entire 5V untranslated region, or a portion of it, was removed from the Xtrb2-L clone. These Xtrb2-L and Xtrb2-S cDNAs were cloned into pCS2+ vector. Tagged forms of Xtrb2-L were prepared by PCR. One clone (in the vector pCS3+MT) carries six Myc epitopes at the C-terminus of the protein and another (in mGFP5/pCS2+) carries green fluorescent protein, also at the C terminus. RNA for injection was synthesized in vitro using mMESSAGEmMACHINEk kit (Ambion). X. tropicalis cDNAs are described in the Results. DDBJ/EMBL/GenBank accession numbers of the cDNA sequences are: AB109103 (Xtrb2-S; X.l. cDNA 1 in Fig.  1A ) and AB109102 (Xtrb2-L; X.l. cDNA 2 in Fig. 1A ) for X. laevis, and AB109108, AB109109, AB109110, AB109111, and AB109112 for X. tropicalis clones (AB109109 -109111 correspond to the X.t. cDNA in Fig.  1A ). Additional X. laevis cDNA clones (I.M.A.G.E. ID 6316840, 6636836, 6642703, and 6642750) were obtained from the I.M.A.G.E. Consortium (http://image.llnl.gov/). The DDBJ/EMBL/GenBank accession numbers of the sequences of these clones are AB109104 and AB109105 (X.l. cDNAs 3 and 4 in Fig. 1A ), AB109106 (X.l. cDNA 5), and AB109107 (X.l. cDNA 6). The phylogenetic tree (Fig. 1C ) was constructed using MacVector software. Potential PEST sequences were identified using the PESTfind program (http://www.at.embnet.org/embnet/tools/bio/ PESTfind/).
Monitoring cell division
X. laevis embryos were either left untreated or were injected with various concentrations of mMO or MO1 (see Fig. 1A ). The minimal amount of MO1 required to produce a delayed cell division phenotype in >90% of embryos was 7 pmol per embryo, and this amount was used in all experiments presented in this paper. These embryos were subjected to time-lapse recording after the first cell division. The numbers of new cleavage furrows on the animal halves of the embryos were counted at each time point and were plotted during the time course ( Figs. 6A, B ). New and old furrows can be distinguished by flicking the image frames of time-lapse movies back and forth manually. In experiments involving rescue of the slow cell division phenotype by exogenous Xtrb2 RNAs, fluorescein-dextran (5 nl; 1 mg/ml) or Texas red -dextran (5 nl; 1.5 mg/ml) (both 10,000 MW, lysine-fixable, from Molecular Probes) were injected together with MOs (0.25 pmol) and the appropriate mRNA into a single Xenopus animal pole blastomere at the 32-cell stage. Animal hemispheres were dissected at stages 7 -8 in calcium-and magnesium-free medium (CMFM: 110 mM NaCl, 2 mM KCl, 2 mM sodium phosphate pH 7.4, 50 Ag/ ml gentamycin, 0.1% BSA) and immediately transferred to a fresh dish containing CMFM plus EDTA (1 mM) supplemented with nocodazole (10 Ag/ml) or hydroxyurea (3 mM), where they were dissociated by gentle pipetting. Dissociated cells were fixed by addition of formaldehyde to 1%. Images were taken with a digital CCD camera (DC-330, Dage-MTI, Inc., or C4742-95-12SC, Hamamatsu Photonics) mounted on a Leica MZAPO stereomicroscope, using Openlabk software (Improvision). Arbitrary volumes of cells were estimated from their diameters. Permission to use mRFP1 was kindly granted by Roger Tsien.
RNA isolation and quantitative RT -PCR
Total RNA was extracted from embryos using the TriPure isolation reagent (Roche) according to the manufacturer's protocol. Isolated RNA was treated with proteinase K, subjected to phenol -chloroform -isoamyl alcohol extraction, ethanol-precipitated, and suspended in water. Quantitative PCR was performed using the LightCyclerk. Primers are listed in Table 1 .
6x Histidine-tagged Xtrb2 construction, anti-Xtrb2 antibody production, immunoprecipitation, and Western blotting The X. tropicalis Xtrb2 open reading frame (ORF) was amplified by PCR using the primer pair 5V-CGGGATC-CATGAACATACAAAGGTCG-3V and 5V-GGGGTACCT-CAGTTAAAAAAAGGGTC-3V. The PCR fragment was cloned into the vector pQE-30 (Qiagen) for 6x histidinetagging. Bacterially produced 6x histidine-tagged Xtrb2 (6xHis-Xtrb2) was purified using Ni-NTA Superflow (Qiagen) according to the manufacturer's protocol. Immunization of rabbits with purified 6xHis-Xtrb2 protein was carried out by Eurogentec S.A., Belgium. Two antisera were obtained: SK1915 and SK1916. For immunoprecipitation of Xtrb2, a protein extract was prepared from 50 embryos in 0.2 ml extraction buffer [50 mM Tris pH7.4, 150 mM NaCl, 1% Triton X-100, 1 mM EDTA, 1 mM EGTA, 60 mM hglycerophosphate, 15 mM p-nitrophenylphosphate, 1 mM Na 3 VO 4 , complete protease inhibitor cocktail tablet (Roche)]. After homogenization, the extract was centrifuged twice for 10 min at 4jC, 16,000 Â g. One microliter of the crude serum (SK1915) was added to the protein extract and incubated for an hour on ice. After incubation, protein G beads f (10 Al bed vol, protein G Sephadex beads 4 Fast Flow, Amersham Biosciences) were added and incubated for another hour at 4jC. The beads were washed three times with 0.5 ml extraction buffer and subjected to SDS -PAGE and Western blotting. For Western blotting, affinity-purified anti-Xtrb2 antibody was diluted 1:5 (protocol for affinity purification is available on request), and anti-myc antibody (clone 9E10, Boehringer Mannheim) was used at 1.25 Ag/ ml. Anti-Cdc2 antibody (the kind gift of Tim Hunt) was used at 1:200 dilution. The secondary antibody used was HRP-conjugated goat antirabbit (or antimouse for anti-myc Western blot) IgG F(ab') 2 fragment-specific (1:50000, Jackson Immunoresearch Laboratory) or HRP-conjugated protein A (1:400, Amersham Pharmacia).
Whole mount in situ hybridization, immunohistochemistry, and fluorescence microscopy
Whole mount in situ hybridization was performed as described (Harland, 1991) . BM purple (Roche) was used as substrate. The 3V UTRs of Xtrb2-L and Xtrb2-S were used for the preparation of specific probes. The full-length Xtrb2-L cDNA was used to prepare a probe for in situ hybridization of neurula and tailbud stage embryos. Sectioning of gelatin-embedded embryos was as described (Hardcastle and Papalopulu, 2000) . For whole mount immunohistochemical staining, embryos were fixed for 1 h at room temperature in Dent's fix (4:1 Methanol/DMSO) for early blastula embryos or MEFD (0.1 M MOPS, 1 mM EDTA, 2 mM EGTA, 3.7% formaldehyde, 10% DMSO) for late blastula-and gastrula-stage embryos. Fixed embryos were stored in Dent's fix at À20jC. The immunostaining protocol is available upon request. Monoclonal anti-h-tubulin antibody (mouse ascites fluid clone JDR.3B8, Sigma, 1:2000), anti-myc antibody (mouse monoclonal 9E10, 1:600), and AlexaFluor 633 goat antimouse IgG antibody (Molecular Probes, 1:800) were used. Chromosomal DNA was stained MgCl 2 concentration in all reactions was 3 mM except for GS17 (6 mM).
by SYTOX Green (Molecular Probes) at 2.5 AM in TBSE (Tris-buffered saline, 5 mM EDTA). The processed embryos were either dehydrated in methanol and cleared in Murray's clear (benzyl benzoate/benzyl alcohol, 2:1) for early blastula embryos or were mounted in 90% glycerol. A plasmid for in vitro RNA synthesis of histone H2B-YFP (Bellaiche et al., 2001) was the kind gift of Nancy Papalopulou. For live imaging, animal caps were dissected at stage 9 and mounted on fibronectin-coated glass coverslips. They were observed using the BioRad Radiance 2000 confocal microscopy system. Time-lapse images of confocal sections were acquired every minute for 30 min.
Results
Cloning of the Xenopus tribbles-like (Xtrb2) gene
A Xenopus homologue of Drosophila tribbles was isolated by degenerate PCR (see Materials and methods). Full-length cDNAs were isolated from both X. laevis and X. tropicalis cDNA libraries using the PCR fragment as a probe. Two cDNAs were obtained from the X. laevis library and five from the X. tropicalis library (ranging from 1.4 to 3.9 kb). The X. laevis cDNAs (X. l. cDNAs 1 and 2 in Fig.  1A ) contain open reading frames of 217 and 342 amino acids, with identical sequences (187 amino acids) at their N-termini. We named this gene Xtrb2 (Xenopus Trb2) and refer to the long and short forms as Xtrb2-L and Xtrb2-S, respectively. These forms are likely to represent alternatively spliced forms (see Discussion). The Xtrb2-S cDNA lacks a start codon ( Fig. 1A ). Attempts to clone the 5V region of the Xtrb2-S cDNA by 5V RACE have failed. Additional X. laevis Xtrb2 cDNA clones were identified by BLAST searching, and four cDNA clones were obtained from the I.M.A.G.E. consortium. The sequences of these clones are almost identical in their open reading frames but have less similarity with Xtrb2-L cDNA clone (X.l. cDNA 2) in their 5V untranslated regions. Interestingly, two of these I.M.A.G.E. clones (X.l. cDNA 5 and 6 in Fig. 1A ; DDBJ/EMBL/GenBank accession nos. AB109106 and AB109107) have a nucleotide substitution or deletion, creating a stop codon (TAT to TAG, 42 bases from the start codon of X.l. cDNA 5) or a frame shift (CAA to C, 344 bases from the start codon of X.l. cDNA 6) in the region corresponding to the Xtrb2-L open reading frame (ORF).
The X. tropicalis cDNAs range from 1.4 to 3.9 kb. The longest open reading frame is 343 amino acids. The amino acid sequence of the X. tropicalis protein shows 97% identity to X. laevis Xtrb2-L. A BLAST search of the incomplete X. tropicalis genomic sequence revealed a region encoding Xtrb2. Although Xtrb2-S cDNA has not been identified in X. tropicalis, a short stretch within the Xtrb2 genomic sequence showed homology to the 3V UTR of Xtrb2-S (63% identity in 293 bases, data not shown).
Database searches revealed similarities between Xtrb2 and several other proteins (Figs. 1B, C, D). All, like Drosophila Tribbles, have homology to serine/threonine protein kinases, but they lack a conventional ATP binding site. Most closely related to Xtrb2 are human TRB2 (also called GS3955), dog C5FW (Wilkin et al., 1997) , and mouse TRB2 proteins, which are 89% to 99% identical to each other. A second group of proteins, including human TRB1 (also called GIG2) and mouse TRB1, shows little more than 50% identity to Xtrb2-L. Finally, a third set of proteins, including human TRB3 (also called C8FW), mouse TRB3, and rat NIPK (Mayumi-Matsuda et al., 1999) , has 42% to 45% identity to Xtrb2-L. The ascidian Tribbles-like protein (Trbl) has 57% identity to Xtrb2-L in the kinase domain. The region corresponding to kinase subdomains VIA to XI in Xtrb2-L (amino acids 147-307) and Drosophila Tribbles (amino acids 236 -396) shows 66% overall similarity (50% identity). An interesting feature of these proteins is that all, except the TRB3 subfamily (Fig.  1C) , contain a potential PEST sequence, suggesting that they are unstable in vivo.
Expression pattern of Xtrb2 during early embryogenesis
The expression pattern of Xtrb2 was first studied by quantitative RT-PCR. Both Xtrb2-S and Xtrb2-L are maternally expressed. Xtrb2-L is abundant during blastula stages and decreases after the onset of gastrulation. Xtrb2-S transcript levels are low during blastula and neurula stages but peak during gastrulation ( Fig. 2A) . In situ hybridization indicates that both Xtrb2-L and Xtrb2-S are expressed during blastula stages in the animal hemisphere of the embryo (Figs. 2B -E). To compare levels of expression in ectoderm, mesoderm, and endoderm, stage 9 embryos were dissected into the three germ layers, and RNA was subjected to quantitative RT -PCR. Expression in ectoderm and mesoderm significantly exceed that observed in the endoderm (Fig. 2F ).
Xtrb2 is expressed in anterior neurectoderm during neurula stages, although weak expression was also observed in surrounding nonneural ectoderm (Figs. 3A, B ). Strong expression of Xtrb2 was observed lateral to the dorsal midline, in cells that give rise to primary motor neurons (mn) and to the placodal region (pl). Xtrb2 was not detected in the dorsal midline ( Fig. 3A, arrow) , and nor, later, in the floor plate (Figs. 3G -I).
After neurulation, at stages 22 and 26, strong Xtrb2 expression was observed in the optic and otic vesicles (Figs. 3C -F). Neural crest cells (hyoid, anterior, and posterior branchial neural crests in Figs. 3D, E) also reacted with the Xtrb2 probe. A stream of Xtrb2-positive cells from the otic placode (arrowheads in Figs. 3D, F) was observed anterior to the hyoid neural crests (h in Figs. 3D, E, see also G); these may correspond to dorsolateral placodes (Schlosser and Northcutt, 2000) . Expression in the brain and the dorsal neural tube was also detected (Figs. 3G -I).
Weak Xtrb2 expression was observed in somites but not in the notochord.
Subcellular localization of Xtrb2 protein
Our attempts to detect endogenous Xtrb2 protein by immunocytochemistry were unsuccessful (data not shown). We therefore constructed a version of Xtrb2-L carrying a myc epitope at its C-terminus and examined its subcellular localization. Different amounts of RNA encoding this protein (12.5 pg to 1.8 ng) were injected into Xenopus embryos in the animal pole region at the 1-cell stage, and injected embryos were fixed at early gastrula stage 10. These embryos were stained with anti-myc antibody and observed by confocal microscopy. No detectable signal was obtained when less than 100 pg RNA was injected. At higher concentrations, myc-tagged protein was detected in a group of cells close to the injection site ( Fig. 4) . Our inability to detect lower levels of Xtrb2 may be due to its instability (see Discussion). Most fluorescence was detected in the cytoplasm, but a slightly stronger signal was observed in the nuclei of some cells (Fig. 4E, arrows) .
We also constructed a GFP-tagged version of Xtrb2-L. RNA encoding Xtrb2-L-GFP (400 pg) together with RNA encoding YFP-tagged histone H2B (125 pg) was injected into Xenopus embryos at the 1-cell stage, and fluorescence was observed in live animal pole cells during gastrula stages (Figs. 4G -I). The distribution of GFP-tagged Xtrb2-L resembled that of the myc-tagged protein, but the nuclear localization was more distinct. During cell division, fluorescence appeared to become redistributed to the mitotic spindles (Figs. 4G -I, arrows; see also movie at http://www.welc.cam.ac.uk/~smithlab/ movies/Saka _ Smith.mov).
Detection of endogenous Xtrb2 proteins
To identify endogenous Xtrb2 proteins, we raised polyclonal rabbit anti-Xtrb2 antisera (see Materials and methods). Protein extract was prepared from wild-type embryos at stage 6.5 and was subjected to immunoprecipitation using either preimmune or anti-Xtrb2 antisera (see Materials and methods for details). lane 1) serum. The band visible at 34 kDa is nonspecific, because these were detected in both lanes and were not seen when HRP-conjugated protein A was used as a secondary antibody (data not shown). We next prepared protein extracts from control blastulae or from blastula-stage embryos previously injected with RNA encoding Xtrb2-S, Xtrb2-L or myc-tagged Xtrb2-L. These were subjected to immunoprecipitation using anti-Xtrb2 antisera. Fig. 5B shows a Western blot using anti-Xtrb2 (lanes 1 -4) or anti-myc (lane 5). Putative Xtrb2-L protein species were detected in lanes 1-4. Levels of Xtrb2-L are increased in extracts prepared from embryos injected with Xtrb2-L RNA, along with a partially degraded Xtrb2-L product of about 33 kDa (Fig. 5B, lane 3 ). An additional band was detected at 51 kDa in immunoprecipitates of embryos injected with RNA encoding myc-tagged Xtrb2-L (Fig. 5B, lane 4) . When a duplicate of the lane was probed with anti-myc antibody, the same band was detected (Fig. 5B, lane 5) . Together, these results indicate that our Xtrb2 antisera can detect endogenous Xtrb2-L. Although we were able to detect exogenous Xtrb2-S (Fig. 5B, lane 2, asterisk) , we have not succeeded in detecting endogenous Xtrb2-S protein, presumably because of its low abundance and its proximity to IgG(L) in Western blotting.
Suppression of Xtrb2 translation in vivo by antisense morpholino oligos
To investigate the function of Xtrb2 during Xenopus embryogenesis, we made use of antisense morpholino oligonucleotides (MOs) (Heasman et al., 2000) . Two MOs (MO1 and MO2) were designed, and mMO, which differs in four nucleotides from the MO1 sequence, was used as a control (Fig. 1A) . Database searches have so far failed to identify any sequence matches to MO1 and MO2 except for the Xtrb2 cDNAs.
We first tested the ability of these MOs to suppress translation from exogenous Xtrb2 RNA in vivo. MOs were injected into Xenopus laevis embryos at the 1-cell stage, and RNA encoding myc-tagged Xtrb2-L (containing approximately 0.9 kb 5VUTR, 500 pg in total) was subsequently injected at the 2-cell stage into both blastomeres. These embryos were collected at stage 6.5 and subjected to protein extraction and Western blotting by anti-myc and anti-cdc2 (as a control) antibodies. As shown in Fig. 5C , mMO had no effect on translation of myc-tagged Xtrb2-L protein (lane 2), while MO1 and MO2 efficiently blocked translation (lanes 3 and 4) .
We next confirmed that injection of MOs suppresses translation of endogenous Xtrb2. Fertilized Xenopus laevis embryos were left uninjected or injected at the 1-cell stage with 7 pmol (approximately 60 ng) MO1, MO2, or mMO. Embryos were collected at the 2-to 4-and 8-cell stages and midblastula stage 7, and protein extracts were prepared from groups of 50. Xtrb2 proteins were immunoprecipitated, and Western blotting was performed with anti-Xtrb2 antiserum as described in Materials and methods. MO1 and MO2 caused substantial down-regulation of endogenous Xtrb2-L protein expression by the 8-cell stage, while the control mMO had little effect on Xtrb2 translation (Fig. 5C ). No recovery of translation was observed by stage 7 (Fig. 5C ). Our results suggest that the half-life of maternal Xtrb2-L protein is less than 60 min during early cleavage stages in the presence of MO1, because levels of Xtrb2-L were significantly reduced as soon as the 2-to 4-cell stage (Fig.  5C ). Inhibition of Xtrb2-L translation by MO1 and MO2 but not by mMO was also observed in a reticulocyte lysate in vitro translation system (data not shown).
Knockout by MO leads to slow and asynchronous division during blastula stages
Injection of MO1 into 1-cell stage Xenopus laevis embryos caused cell divisions to become delayed and asynchronous during early cleavage stages, when compared with uninjected controls and with embryos injected with mMO (575 out of 585 embryos injected with MO1 showed slower cleavage). We took time-lapse movies of embryos either injected with MOs or left untreated and examined their temporal patterns of cell division. Figs. 6A and B show plots of the appearance of new cleavage furrows in the animal hemispheres of such embryos at each time point in a time-lapse movie. Fig. 6C shows the image frames from these movies, demonstrating that blastomeres in MO1-injected embryos become bigger compared to those in control or mMO-injected embryos. Surprisingly, no such effect was observed following injection of MO2, although we did observe a milder phenotype in which cells occasionally become binucleate during gastrulation (see Fig. 7J ). This difference in the effects of the two MOs might be due to different effects on the translation of Xtrb2-S (see Discussion). The timing of the first division after fertilization was unaffected in MO1-injected embryos, perhaps because some Xtrb2 protein remains at this stage. Injection of MO1 into a single cell of Xenopus embryos at the 32-cell stage also indicated that cell division is inhibited, with the progeny of the injected blastomere visible as a patch of larger cells in the late blastula embryo. No such effect was observed with mMO (data not shown).
To investigate the specificity of the effect of MO1, we asked whether RNA encoding Xtrb2-L or Xtrb2-S could rescue the asynchronous cell division phenotype. RNAs intended for rescue experiments lacked the MO1 target sequence and were first injected with MO1 individually and in combination, and at various concentrations, at the 1cell stage. These efforts met with only partial success (data not shown), perhaps because Xtrb2 protein is unstable or perhaps because the rescuing RNA diffuses through the embryo less well than the antisense morpholino oligonucleotide. To address the latter possibility, we tried to rescue the MO1 phenotype by injection of RNA and morpholino oligonucleotide into a single animal pole blastomere of an embryo at the 32-cell stage, when cells are smaller and diffusion may not be limiting. Fluorescein -dextran was coinjected as a lineage tracer in these experiments. Animal hemispheres were dissected at the midblastula stage, and cells were dissociated in the presence of nocodazole or hydroxyurea to prevent further cell divisions (Saka and Smith, 2001) . After fixation, numbers of fluorescent cells were counted for each individual animal cap.
Comparison with a neighboring blastomere in the same embryo injected with Texas red -dextran revealed that injection of mMO at the 32-cell stage caused no delay in cell division (data not shown). In contrast, the number of cells derived from a MO1-injected blastomere is about half that derived from a control mMO-injected cell (Fig. 6D) . When either Xtrb2-L RNA or Xtrb2-S RNA was coinjected with MO1, either individually or in combination, cell numbers increased towards the control level (Fig. 6D) . These results showed that exogenous RNA encoding Xtrb2 protein can rescue the slow cell division phenotype caused by injection of antisense morpholino oligonucleotide MO1. The unrelated protein mRFP1 [red fluorescent protein (Campbell et al., 2002) ] could not rescue the phenotype (see supplementary information). Together, these observa- tions indicate that MO1 inhibits Xtrb2 function in a specific manner.
It is possible that the slow and asynchronous cell divisions observed in MO1-injected embryos reflect the early onset of the MBT (Newport and Kirschner, 1982a,b) , which is also characterized by the introduction of gap phases between mitosis and DNA synthesis and the onset of zygotic transcription. We observe, however, that the activation of GS17 (Krieg and Melton, 1985) in such embryos, compared with controls, is delayed rather than accelerated (data not shown). This indicates that the MBT does not occur prematurely in MO1-injected embryos and that its time of onset, as in normal embryos, is determined by the nuclear/cytoplasmic ratio.
Delay in mitotic progression in MO1-injected embryos
The delay in cell division observed in MO1-injected embryos might be a consequence of a disruption to mitosis. To investigate this possibility, control and MO1-injected embryos were fixed during blastula stages, stained with anti-h tubulin, and observed using confocal microscopy (Fig. 7) . Fig. 7A shows a sequence of events during mitosis in normal embryos. Cytokinesis has started in panel 4 and the microtubule organizing center (MTOC) has duplicated before completion of cytokinesis in panel 5. In uninjected (n = 8) or mMO-injected embryos (n = 7), blastomeres underwent mitosis in a synchronous manner (Figs. 7B -D) , while, as predicted, synchrony was disrupted in MO1-injected embryos (in 12 out of 16 cases; Figs. 7F, G). In some cases, cells of embryos injected with MO1 have duplicated their MTOCs (arrow), but cytokinesis has not yet begun, indicating that injection of MO1 caused a delay in cytokinesis (compare Figs. 7E and B) . At later stages, during gastrulation, MO1-injected embryos contained abnormal cells with tripolar spindles (n = 5, Fig. 7I ). Interestingly, although they were rather rare in a given embryo, we noted that seven out of nine gastrula-stage MO2-injected embryos contained binucleate cells (Fig. 7J ), while these were never observed in controls.
Together, these results suggest that the loss of Xtrb2 function causes a delay of progression through mitosis.
Gastrulation delays caused by Xtrb2 antisense morpholino oligonucleotides
Injection of the MO1 Xtrb2 antisense morpholino oligonucleotide caused a delay of approximately 90 min in the onset of gastrulation, perhaps due to the late timing of the MBT. It also doubled the time required to complete the process. Such embryos developed with a shortened anteroposterior axis with a normal notochord but aberrant somitogenesis ( Fig. 8 ; see also supplementary information). Injection of MO2 had less effect on gastrulation and subsequent morphogenesis (Fig. 8) , while mMO-injected embryos were indistinguishable from controls.
The delay in gastrulation observed in these embryos may be caused by a delay in activation of genes such as Xbra (Conlon and Smith, 1999) , expression of which is significantly reduced in MO1-injected (n = 6), but not MO2injected (n = 6), embryos (Figs. 8A -D).
Knockdown of Xtrb2 by MOs interferes with neurogenesis
Xtrb2 is strongly expressed in neural tissues (Fig. 3) , and we therefore asked whether the expression of neural markers is affected by inhibition of Xtrb2 translation. Expression of the neural marker Xsox3 (Penzel et al., 1997) is little affected in the central nervous system of MO1-injected ( n = 25) or MO2-injected (n = 23) embryos, although there is a slight reduction of expression in the tail (Figs. 8E -H) . There is, however, a significant decrease in Xsox3 in the presumptive lens ectoderm (PLE, arrows) and in the dorsolateral placode (DLP, arrowheads) in both MO1-and MO2-injected embryos (Figs. 8E -H) .
Xtrb2 is also expressed in neural crest cells, and we went on to analyze Slug (Xslu) and Twist (Xtwi), both of which are effective markers of the neural crest (Hopwood et al., 1989; Mayor et al., 1995) . Xslu-expressing trunk neural crest (arrows in Figs. 8M, N) and migrating cephalic neural crest cells (arrowheads in Figs. 8I, J, M, N) are unaffected in mMO-injected embryos (n = 7) at stage 22. In embryos injected with MO1 (n = 17) or MO2 (n = 13), however, the cephalic neural crest shows little sign of migration (asterisks in Figs. 8K, L, O, P). The inhibition of cephalic neural crest migration by MO1 (n = 7) was also evident in embryos probed with Xtwi at a slightly later time point (stage 25; compare arrowheads in Figs. 8Q, R, and asterisks in S) . The gap between rows of trunk neural crest revealed by Xslu staining in the MO1-or MO2-injected embryos (Figs. 8M -P, arrows) indicates that neural tube closure is incomplete in these embryos. Neural tube closure remains incomplete until control embryos reach tailbud stages (data not shown). There were also abnormalities in somite segmentation at tailbud stages in MO1-injected embryos (see supplementary information, Fig. S2 ). This phenotype might reflect expression of Xtrb2 in the somites (Fig. 3D ).
Discussion
We have identified and studied the function of a Xenopus Trb2 gene that belongs to an atypical serine/threonine protein kinase subfamily that includes Drosophila tribbles.
Xtrb2
Sequencing of six Xenopus laevis Xtrb2 cDNAs revealed the complex nature of this gene. Two (cDNAs 1 and 2) define Xtrb2-S and Xtrb2-L, which are likely to represent alternatively spliced forms; we note that the junction of the two forms matches the splice junction of the highly homologous human TRB2 gene (Fig. 1A) . Xtrb2-S and Xtrb2-L have different temporal expression patterns and may have different functions, although what these functions might be is unknown.
The other four cDNAs have different 5V untranslated sequences. Two (cDNAs 3 and 4) have an ORF whose product is 97% identical to the Xtrb2-L amino acid sequence. Another (cDNA 5) has a point mutation in the open reading frame that introduces a termination codon after 42 nucleotides, while the fourth (cDNA 6) introduces a frame shift that creates a C-terminally truncated form of Xtrb2-L with a relative molecular mass of 14 kDa. Alternatively, translation of this mRNA might begin from an internal ATG to create an N-terminally truncated 23-kDa form of Xtrb2. We note that the same N-terminally truncated protein may be encoded by a Xenopus tropicalis EST (DDBJ/EMBL/Gen-Bank accession no. AL628418) in which the 5V untranslated region and part of the coding region of Xtrb2-L have been spliced out. It is also possible that these transcripts represent a noncoding 'pseudogene' whose role is to regulate the function of wild-type Xtrb2 (Hirotsune et al., 2003) .
Inhibition of Xtrb2 function
Two antisense morpholino oligonucleotides (MO1 and MO2) were designed to inhibit the function of Xtrb2 (Fig.  1A) . Although we were unable to test their effects on endogenous Xtrb2-S, we found that the two MOs block translation of Xtrb2-L with similar efficiencies (Figs. 5C,  D) . Our results suggest that Xtrb2-L proteins may be highly unstable, with a half-life of less than 1 h; the presence of a potential PEST sequence (Fig. 1B ) may contribute to this instability, which itself suggests that protein levels are tightly regulated during development. It is also possible that the instability of the protein accounts for the lack of phenotype following overexpression of Xtrb2.
MO1, but not MO2, caused cell divisions during blastula stages to become slow and asynchronous in Xenopus laevis embryos (Fig. 6) . We also examined the effects of antisense morpholino oligonucleotides in embryos of Xenopus tropicalis. Injection of 0.63 pmol (approximately 5 ng) tMO1 (which differs from MO1 in two nucleotides so as to match perfectly the X. tropicalis Xtrb2 sequence) caused a phenotype very similar to that observed in embryos of Xenopus laevis after injection of MO1, with 94 out of 98 X. tropicalis embryos showing slower cell division during blastula stages. As observed in Xenopus laevis, injection of MO2 and mMO caused no delay in cell division (data not shown).
This difference between the two oligonucleotides may be due to differential effects on Xtrb2-L and Xtrb2-S. In particular, MO2 may be unable to inhibit translation of Xtrb2-S, and this short form, which is expressed at significant levels during blastula stages ( Fig. 2A) , may be sufficient to allow normal cell division. We continue to investigate this question by searching for the 5V untranslated region of Xtrb2-S. Although MO1 and MO2 have different effects on cell division (Fig. 7) , the delay in cell division caused by MO1 is a specific effect of Xtrb2 depletion, because coexpression of Xtrb2-S or Xtrb2-L, individually or in combination, can rescue the effects of MO1 (Fig. 6D ).
The delayed cell division observed in MO1-injected embryos is caused by a delay in progression through mitosis, sometimes in the metaphase -anaphase transition (Figs. 7F, G) and sometimes resulting from slow cytokinesis (Fig. 7E ). Although they are rather rare within a given embryo, we note that several binucleate cells per embryo can be observed in MO2-injected embryos after gastrulation (Fig. 7J) , again suggesting that depletion of Xtrb2 causes cytokinesis to be compromised. It may be significant, in this regard, that GFP-tagged Xtrb2-L protein associates with the mitotic spindle as cells enter mitosis ( Fig. 4 and supplementary material). It should be noted, however, that the staining pattern of overexpressed Xtrb2-L protein may not reflect the localization of the endogenous protein. We estimate from the Western blot shown in Fig. 5B that exogenous-tagged Xtrb2-L level is present at a concentration that is seven times that of the endogenous protein.
The disruption of cell division during blastula stages was associated with a delayed onset of zygotic gene expression and of Xbra activation, which may be responsible for the disruption of gastrulation movements in MO1-injected embryos (Figs. 8A -D) .
MO1 and MO2 cause disruption of eye and neural crest development
Although embryos injected with MO1 and MO2 differed during cleavage stages, they showed similar phenotypes at the tailbud stage, including disruption of neural crest and eye development (Fig. 8) . Although, due to technical difficulties, we have not rescued the late phenotype by injection of exogenous RNA, the similarity of the phenotypes produced by the two different MOs indicates that they are specific to loss of Xtrb2. Levels of Xtrb2-S expression are very low at these stages ( Fig. 2A ), suggesting that these phenotypes may be a consequence of loss of Xtrb2-L, which is expressed at high levels in the affected tissues such as presumptive lens ectoderm and dorsolateral placode ( Figs. 3 and 8E -H) . The neural crest markers Xslu and Xtwi are activated in embryos injected with MO1 or MO2 (Figs. 8I -S), suggesting that neural crest cells can be specified. But the migration of these cells seems to be affected by down-regulation of Xtrb2 function, because the staining patterns of Xslu and Xtwi are highly abnormal in the MO1-or MO2-injected embryos (Figs. 8I -S). Interestingly, inhibition of the G1/ S transition of the cell cycle prevents delamination of neural crest cells from the neuroepithelium (Burstyn-Cohen and Kalcheim, 2002) . The perturbation of mitosis caused by antisense morpholino oligonucleotides directed against Xtrb2 may also interfere with neural crest delamination and migration.
Molecular function of Xtrb2
Like Drosophila tribbles which inhibits mitosis in the ventral furrow and regulates border cell migration, Xtrb2 appears to have at least two functions during development. Thus, it is required for normal cell division during blastula stages and for eye and neural crest development at later stages. How might Xtrb2 exert these effects? Drosophila Tribbles regulates the cell cycle by promoting String/CDC25 degradation through the proteasome pathway (Mata et al., 2000) , and it controls cell migration by binding to C/EBP (Slbo), thereby regulating its ubiquitindependent degradation . To ask whether Xtrb2 is a functional homologue of Drosophila tribbles, Xtrb2-L or Xtrb2-S were expressed in Drosophila embryos. Neither Xtrb2-L nor Xtrb2-S could rescue the tribbles mutant phenotype, and neither affected the cell cycle or any other aspect of development following overexpression in wild-type embryos (T. Seher and M. Leptin, personal communication and data not shown). Although Xtrb-2 may not, therefore, be a functional homologue of Drosophila tribbles, it is still possible that, like Tribbles, it is a regulator of the ubiquitin-dependent proteasome pathway. We note that the lysine residue which is mutated in the Drosophila TrblK266R allele is conserved among Tribbles family members so far identi-fied (Fig. 1A) , and although no kinase activity has been detected in the highly homologous C5FW and TRB3 proteins (Bowers et al., 2003; Wilkin et al., 1997) , the conserved serine/threonine kinase subdomains may be important for Trb2 substrate recognition. If Xtrb2 does control the ubiquitin-dependent proteasome pathway, its target proteins are unlikely to include Cdc25, at least during cleavage stages, because MO1 delays the cell cycle rather than accelerates it.
Another potential mode of action of Xtrb2 comes from the observation that a human Tribbles family member, TRB3 (also called SKIP3 and C8FW), inhibits the activation by insulin of the serine/threonine kinase Akt (PKB) (Du et al., 2003) . In this case, TRB3 does not act through the ubiquitin -proteasome pathway but directly prevents Akt phosphorylation. The conserved kinase domain of TRB3 is essential for the interaction with Akt, and indeed TRB2, an orthologue of TRB3 and the human counterpart of Xtrb2, can also interact with Akt and inhibit its activation (Du et al., 2003) . Akt is implicated in oocyte maturation in Xenopus (Andersen et al., 2003) , but its role during early development remains unknown.
In another study, TRB3 was shown to interact with the bZIP transcription factor ATF4 and to promote its proteolysis (Bowers et al., 2003) . Akt and ATF4 are both, therefore, strong candidates for downstream targets of Xtrb2, and we are now studying these and other genes in an attempt to understand the molecular function of Xtrb2.
